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Abstract: Extra-virgin olive oil is regarded as functional food since epidemiological studies and
multidisciplinary research have reported convincing evidence that its intake affects beneficially one
or more target functions in the body, improves health, and reduces the risk of disease. Its health
properties have been related to the major and minor fractions of extra-virgin olive oil. Among
olive oil chemical composition, the phenolic fraction has received considerable attention due to its
bioactivity in different chronic diseases. The bioactivity of the phenolic compounds could be related
to different properties such as antioxidant and anti-inflammatory, although the molecular mechanism
of these compounds in relation to many diseases could have different cellular targets. The aim of
this review is focused on the extra-virgin olive oil phenolic fraction with particular emphasis on (a)
biosynthesis, chemical structure, and influence factors on the final extra-virgin olive oil phenolic
composition; (b) structure–antioxidant activity relationships and other molecular mechanisms in
relation to many diseases; (c) bioavailability and controlled delivery strategies; (d) alternative
sources of olive biophenols. To achieve this goal, a comprehensive review was developed, with
particular emphasis on in vitro and in vivo assays as well as clinical trials. This report provides an
overview of extra-virgin olive oil phenolic compounds as a tool for functional food, nutraceutical,
and pharmaceutical applications.
Keywords: extra virgin olive oil phenolic compounds; chemical structure; bioactivity; bioavailability
1. Introduction
Extra-virgin olive oil (EVOO) represents one of the symbols of the highly valued Mediterranean
diet. It is the typical lipidic source in the cuisine of the Mediterranean countries and its consumption
has been associated with reduced morbidity and slowing disease progression such as cardiovascular,
neurodegenerative, or even cancer diseases [1–11]. On the basis of all of these considerations, EVOO
could be considered as a functional food. Although the European regulation does not have a current
definition for functional food, it could be defined as follows: “food products can only be considered
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functional if together with the basic nutritional impact it has beneficial effects on one or more functions
of the human organism, thus either improving the general and physical conditions or/and decreasing
the risk of diseases evolution” [12,13].
The beneficial impact of EVOO in the human organism is well established, and it is due to its
composition. The predominant fatty acid present in the virgin olive oil is monounsaturated oleic acid
(68–82% of the total fatty acids in olive oil), which has been widely studied, and its benefits have
been established [7,8,10,11]. Moreover, there is a fraction of microconstituents, such as phytosterols,
squalene, tocopherols, phenolic compounds, terpenic acid derivatives, etc. Among them, phenolic
compounds, which are known for their remarkable antioxidant activity [1,2,14,15], have attracted the
attention of researchers belonging to different knowledge areas. They are characterized by a complex
mixture of compounds, which occur in the form of simple phenols, lignan derivatives, secoiridoids,
and flavonoids. Secoiridoids and alcoholic phenols (mainly hydroxytyrosol) are present in high
amounts in virgin and extra-virgin olive oil [2,5]. These phenolic compounds are characterized by a
broad spectrum of biological activities, such as reducing the morbidity and slowing the progression of
diseases associated with oxidative stress, due to their well established antioxidant activity [16].
Indeed, over the last decades, research into EVOO phenolic compounds has shown the role
that these compounds may play in the prevention or slowing down the development of certain
pathologies [17–19]. For this reason, The European Food Safety Authority (EFSA) has approved in
2011 a health claim stating that the dietary intake of virgin olive oil (poly) phenols is able to protect
blood lipids from oxidative damage. The panel considers that in order to bear the claim, 5 mg of
hydroxytyrosol and its derivatives should be consumed daily [20,21]. In addition to their widely
studied beneficial effects, the latest research has been focused on the metabolic pathways followed by
these compounds, their effects on target organs, and even possible delivery strategies as a means of
increasing their bioavailability.
The present review studied the relevance of EVOO phenolic compounds with particular emphasis
on (a) chemical structure, biosynthesis, and influence factors on the final EVOO phenolic composition;
(b) structure–antioxidant activity relationships and other molecular mechanisms in relation to the
prevention of many diseases; (c) bioavailability and controlled delivery strategies; (d) alternative
source of olive bio-phenols. Thus, the objective of this work is summarizing the scientific state of the
art as well as revealing the most innovative arguments for future research based on potential clinical
relevance of EVOO phenolic compounds.
2. Methods
A literature search was conducted on four electronic databases (PubMed, CrossRef, Scopus
and Web of Science). Furthermore, DeCS was used as a descriptor of terms and Mendeley was the
reference manager.
2.1. Search Strategy
Search terms related to studies of EVOO polyphenols were combined in the following strategies:
a) EVOO/Extra virgin olive oil/Olive Oil AND phenol/phenols/polyphenols/phenolic compounds
AND properties/health/benefits/oxidative stress/oxidative damage/antioxidant/(anti)cancer/
(anti)inflammatory/cardiovascular/digestive disorders/metabolic syndrome; b) EVOO/Extra virgin
olive oil/Olive Oil AND phenol/phenols/polyphenols/phenolic compounds AND chemical structure/
biosynthesis/bioavailability/absorption/distribution/metabolism/delivery strategies/nanoformulations
/sources/synthesis/dopamine.
Keyword searches allowed identifying the relevant literature adequately narrowed down to
our research focus using the inclusion criteria described below without limiting the research to
specific objectives of this work (e.g., EVOO phenolic compounds and health benefits, biosynthesis and
bioavailability).
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2.2. Inclusion Criteria
Literature review and research articles published since 1 January 2010, with no restriction of
language. Due to the high heterogeneity of the proposed objectives, no quality-assessment scale
systems were used to evaluate the compiled studies. Manuscript screening was carried out checking
the title and abstract or reading the full text. Regarding the possible beneficial heath properties of
phenolic compounds, only those trials carried out with phenolic compounds from extra-virgin olive oil
and those that were chemically characterized were included. Experimental trials performed in vitro
and in vivo (animals and humans) were included and classified according to their potential studied
property. Acute and long-term trials were selected to be analyzed in order to compile the described
effects over the time-to-event endpoints.
3. Results and Discussion
The literature search provided 2976 studies, which were identified before duplicates were discarded.
Among these, a total of 116 articles were finally included after applying the inclusion criteria described
in Section 2: (a) 29 articles including information about biosynthesis, chemical structure, and influence
factors on the final EVOO phenolic composition; (b) 42 articles related to structure–antioxidant activity
relationships and other molecular mechanisms in relation to many diseases; (c) 22 of bioavailability
and controlled delivery strategies; (d) 15 of alternative source of olive biophenols. Results reveal the
most innovative arguments for future research. The most-studied EVOO phenolic compounds were
phenolic alcohols and secoiridoids.
3.1. Chemical Structure, Biosynthesis, and Influence Factors on EVOO Phenolic Composition
EVOO phenolic compounds have been classified according to their chemical structure into
the following main classes: phenolic acids, lignans, flavonoids, phenolic alcohols, secoiridoids,
and hydroxy-isocromans [2,5,14,22]. Table 1 shows the chemical structure of the main EVOO
phenolic compounds. Phenolic acids identified in EVOO are subdivided into two main groups:
hydroxybenzoic acid derivatives, such as p-hydroxybenzoic, protocatechuic, vanillic, syringic, and gallic
acids; hydroxycinnamic acid derivatives, such as p-coumaric, ferulic, caffeic, synaptic, and cinnamic
acids [14]. Lignans, which are formed by the condensation of aromatic aldehydes, have also been
detected in olive oil samples. (+)-1-Acetoxypinoresinol and (+)-1-pinoresinol were the first characterized
and the most concentrated lignans in EVOO [14]. Compounds present in this chemical group are
extensively studied because of their high antioxidant capacity through metal-chelating and free radical
scavenging activities [2,5,22]. With regard to flavonoids, its structure is formed of two benzene rings
joined by a linear three-carbon chain. They can be divided into several groups: flavones, flavonols,
flavanones, and flavanols. Two compounds belonging to the first group, apigenin and luteolin,
have been the most common ones in EVOO [14].
Phenolic alcohols or phenylethanoids are chemically characterized by the presence of a hydroxyl
group attached to an aromatic hydrocarbon group. The main phenolic alcohols described in olive oil are
hydroxytyrosol (3,4 dihydroxyphenyl-ethanol or 3,4-DHPEA) and tyrosol (p-hydroxyphenyl-ethanol
or p-HPEA) [14,23].
Secoiridoids come from the secondary metabolism of terpenes. They have a phenyl ethyl
alcohol (3,4-DHPEA or p-HPEA) linked to elenolic acid or its derivatives and in most cases they are
glycosylated. The main glycoside present in the olive fruit is oleuropein, however, during the fruit
ripening and the technological process, the aglycone is produced by the β-glucosidase enzyme activity.
Therefore, only aglycone derivatives would be present in EVOO. Another phenolic compound of
interest belonging to the secoiridoids group is the ligstroside aglycon. Furthermore, derivatives of
both oleuropein aglycone and ligstroside aglycone have been detected becoming the major group of
phenolic compounds in EVOO [14,24–26].
Antioxidants 2020, 9, 685 4 of 17




p-Hydroxybenzoic acid (R1 = H; R2 = H)
Protocatechuic acid (R1 = OH; R2 = H)
Vanillic acid (R1 = OCH3; R2 = H)
Syringic acid (R1 = OCH3; R2 = OCH3)
Gallic acid (R1 = OH; R2 = OH)
Antioxidants 2020, 9, x FOR PEER REVIEW 3 of 17 
2.2. Inclusion Criteria 
Literature review and research articles published since 1 January 2010, with no restriction of 
language. Due to the high heterogeneity of the proposed objectives, no quality-assessment scale 
systems were used to evaluate the compiled studies. Manuscript screening was carried out checking 
the title and abstract or reading the full text. Regarding the possible beneficial heath properties of 
phenolic compounds, only those trials carried out with phenolic compounds from extra-virgin olive 
oil and those that were chemically characterized were included. Experimental trials performed in 
vitro and in vivo (animals and humans) were included and classified according to their potential 
studied property. Acute and long-term trials were selected to be analyzed in order to compile the 
described effects over the time-to-event endpoints. 
3. Results and Discussion
The literature search provided 2976 studies, which were identified before duplicates were 
discarded. Among these, a total of 116 articles were finally included after applying the inclusion 
criteria described in Section 2: (a) 29 articles including information about biosynthesis, chemical 
structure, and influence factors on the final EVOO phenolic composition; (b) 42 articles related to 
structure–antioxidant activity relationships and other molecular mechanisms in relation to many 
diseases; (c) 22 of bioavailability and controlled delivery strategies; (d) 15 of alternative source of 
olive biophenols. Results reveal the most innovative arguments for future research. The most-studied 
EVOO phenolic compounds were phenolic alcohols and secoiridoids. 
3.1. Chemical Structure, Biosynthesis, and Influence Factors on EVOO Phenolic Composition 
EVOO phenolic compounds have been classified according to their chemical structure into the 
following main classes: phenolic acids, lignans, flavonoids, phenolic alcohols, secoiridoids, and 
hydroxy-isocromans [2,5,14,22]. Table 1 shows the chemical structure of the main EVOO phenolic 
compounds. Phenolic acids identified in EVOO are subdivided into two main groups: 
hydroxybenzoic acid derivatives, such as p-hydroxybenzoic, protocatechuic, vanillic, syringic, and 
gallic acids; hydroxycinnamic acid derivatives, such as p-coumaric, ferulic, caffeic, synaptic, and 
cinnamic acids [14]. Lignans, which are formed by the condensation of aromatic aldehydes, have also 
been detected in olive oil samples. (+)-1-Acetoxypinoresinol and (+)-1-pinoresinol were the first 
characterized and the most concentrated lignans in EVOO [14]. Compounds present in this chemical 
group are extensively studied because of their high antioxidant capacity through metal-chelating and 
free radical scavenging activities [2,5,22]. With regard to flavonoids, its structure is formed of two 
benzene rings joined by a linear three-carbon chain. They can be divided into several groups: 
flavones, flavonols, flavanones, and flavanols. Two compounds belonging to the first group, apigenin 
and luteolin, have been the most common ones in EVOO [14]. 
Table 1. Classification of phenolic compounds in extra-virgin olive oil (EVOO). 
Phenolic Acids 
Hydroxybenzoic Acid Derivatives 
p-Hydroxybenzoic acid (R1  ; R2 = H) 
Protocatechuic acid (R1  OH; R2 = H)
Vanillic acid (R1 = 3; R2 = H)
Syringic acid (R1 = 3; R2 = OCH3) 
Gallic acid (R1 = ; 2 = OH)
Hydroxycinnamic Acid Derivatives 
p-Coumaric acid (R1 = H; R2 = H)
Ferulic acid (R1 = OCH3; R2 = H)
Caffeic acid (R1 = OH; R2 = H)




p-Coumaric acid (R1 = H; R2 = H)
Ferulic acid (R1 = OCH3; R2 = H)
Caffeic acid (R1 = OH; R2 = H)
Sinapic acid (R1 = OCH3; R2 = OCH3)
Antioxidants 2020, 9, x FOR PEER REVIEW 3 of 17 
2.2. Inclusion Criteria 
Literature review and research articles published since 1 January 2010, with no restriction of 
language. Due to the high heterogeneity of the proposed objectives, no quality-assessment scale 
systems were used to evaluate the compiled studies. Manuscript screening was carried out checking 
the title and abstract or reading the full text. Regarding the possible beneficial heath properties of 
phenolic compounds, only those trials carried out with phenolic compounds from extra-virgin olive 
oil and those that were chemically characterized were included. Experimental trials performed in 
vitro and in vivo (animals and humans) were included and classified according to their potential 
studied property. Acute and long-term trials were selected to be analyzed in order to compile the 
described effects over the time-to-event endpoints. 
3. Results and Discussion
The literature search provided 2976 studies, which were identified before duplicates were 
discarded. Among these, a total of 116 articles were finally included after applying the inclusion 
criteria described in Section 2: (a) 29 articles including information about biosynthesis, chemical 
structure, and influence factors on the final EVOO phenolic composition; (b) 42 articles related to 
structure–antioxidant activity relationships and other molecular mechanisms in relation to many 
diseases; (c) 22 of bioavailability and controlled delivery strategies; (d) 15 of alternative source of 
olive biophenols. Results reveal the most innovative arguments for future research. The most-studied 
EVOO phenolic compounds were phenolic alcohols and secoiridoids. 
3.1. Chemical Structure, Biosynthesis, and Influence Factors on EVOO Phenolic Composition 
EVOO phenolic compounds have been classified according to their chemical structure into the 
following main classes: phenolic acids, lignans, flavonoids, phenolic alcohols, secoiridoids, and 
hydroxy-isocromans [2,5,14,22]. Table 1 shows the chemical structure of the main EVOO phenolic 
compounds. Phenolic acids identified in EVOO are subdivided into two main groups: 
hydroxybenzoic acid derivatives, such as p-hydroxybenzoic, protocatechuic, vanillic, syringic, and 
gallic acids; hydroxycinnamic acid derivatives, such as p-coumaric, ferulic, caffeic, synaptic, and 
cinnamic acids [14]. Lignans, which are formed by the condensation of aromatic aldehydes, have also 
been detected in olive oil samples. (+)-1-Acetoxypinoresinol and (+)-1-pinoresinol were the first 
characterized and the most concentrated lignans in EVOO [14]. Compounds present in this chemical 
group are extensively studied because of their high antioxidant capacity through metal-chelating and 
free radical scavenging activities [2,5,22]. With regard to flavonoids, its structure is formed of two 
benzene rings joined by a linear three-carbon chain. They can be divided into several groups: 
flavones, flavonols, flavanones, and flavanols. Two compounds belonging to the first group, apigenin 
and luteolin, have been the most common ones in EVOO [14]. 
Table 1. Classification of phenolic compounds in extra-virgin olive oil (EVOO). 
Phenolic Acids 
Hydroxybenzoic Acid Derivatives 
p-Hydroxybenzoic acid (R1 = H; R2 = H) 
Protocatechuic acid (R1 = OH; R2 = H)
Vanillic acid (R1 = OCH3; R2 = H)
Syringic acid (R1 = OCH3; R2 = OCH3) 
Gallic acid (R1 = OH; R2 = OH)
Hydroxycinnamic Acid Derivatives 
p-Coumaric acid (R1  ; R2 = H)
Ferulic acid (R1 = 3; R2 = H)
Caffeic acid (R1 = ; 2 = H)




(R1 = COOCH3; R2 = H; R3 = H)
(+)-1-pinoresinol (R1 = H; R2 = H;
R3 = H)
Antioxidants 2020, 9, x FOR PEER REVIEW 4 of 17 
(+)-1-Acetoxypinoresinol (R1 = COOCH3; 
R2 = H; R3 = H) 
(+)-1-pinoresinol (R1 = H; R2 = H; R3 = H) 
Flavonoids 
Luteolin (R1 = OH; R2 = H; R3 = H) 
Apigenin (R1 = H; R2 = H; R3 = H) 
Phenolic Alcohols 
Hydroxytyrosol (R1 = OH; R2 = H) 
Tyrosol (R1 = H; R2 = H) 
Secoiridoids 
Oleuropein aglycone (R1 = OH; R2 = 
COOCH3; R3 = H) 
Ligstroside aglycone (R1 = H; R2 = 
COOCH3; R3 = H) 
Oleacein (R1 = OH; R2 = H; R3 = H) 





Phenolic alcohols or phenylethanoids are chemically characterized by the presence of a hydroxyl 
group attached to an aromatic hydrocarbon group. The main phenolic alcohols described in olive oil 
are hydroxytyrosol (3,4 dihydroxyphenyl-ethanol or 3,4-DHPEA) and tyrosol (p-hydroxyphenyl-
ethanol or p-HPEA) [14,23]. 
Secoiridoids come from the secondary metabolism of terpenes. They have a phenyl ethyl alcohol 
(3,4-DHPEA or p-HPEA) linked to elenolic acid or its derivatives and in most cases they are 
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ripening and the technological process, the aglycone is produced by the β-glucosidase enzyme 
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compound of interest belonging to the secoiridoids group is the ligstroside aglycon. Furthermore, 
derivatives of both oleuropein aglycone and ligstroside aglycone have been detected becoming the 
major group of phenolic compounds in EVOO [14,24–26]. 
Concerning hydroxy-isocromans, there are only two characterized compounds in EVOO: 1-
phenyl-6,7-dihydroxy-isochroman and its derivative 1-(39-methoxy-49-hydroxy) phenyl-6,7-
dihydroxy-isochroman [14,27]. 
Synthesis of EVOO phenolic compounds takes place in the olive fruit through the shikimate 
pathway, phenylpropanoid metabolism, and mevalonic acid pathway. The latter is responsible for 
secoiridoid synthesis, and is typical of the Oleaceae family, which explains the presence of secoiridoids 
only in this family of plants [28–30]. This synthesis occurs according to the ripening phenomena and 
in response to interaction with microorganisms. In addition, they are also products of chemical and 
enzymatic reactions produced by endogenous enzymes such as β-glycosidase, oxidoreductases 
(polyphenoloxidases), and peroxidases, which hydrolyze phenolic glycosides and oxidase phenolic 
compounds, respectively. These reactions occur during the technological process of obtaining olive 
oil [3,14,31]. Consequently, the chemical composition of olive oil phenolics depends on olive fruit 
ripeness, technological process, variety, and environmental factors [2,5,32,33]. 
Flavonoids
Luteolin (R1 = OH; R2 = H; R3 = H)
Apigenin (R1 = H; R2 = H; R3 = H)
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secoiridoid synthesis, and is typical of the Oleaceae family, which explains the presence of secoiridoids
only in this family of plants [28–30]. This synthesis occurs according to the ripening phenomena
and in response to interaction with microorganisms. In addition, they are also products of chemical
and enzymatic reactions produced by endogenous enzymes such as β-glycosidase, oxidoreductases
(polyphenoloxidases), and peroxidases, which hydrolyze phenolic glycosides and oxidase phenolic
compounds, respectively. These reactions occur during the technological process of obtaining olive
oil [3,14,31]. Consequently, the chemical composition of olive oil phenolics depends on olive fruit
ripeness, technological process, variety, and environmental factors [2,5,32,33].
Concerning olive fruit ripeness, some olive-fruit phenolic compounds are not found or are at low
concentrations in olive oil. The main phenolic glycosides in the olive fruit tissues are oleuropein and
ligstroside [34,35]. However, the activity of hydrolytic and oxidative enzymes over the production
steps generate secoiridoid aglycons and derivatives in EVOO, as it has been described above. Indeed,
chemical composition is susceptible to change due to chemical and enzymatic reactions that occur
during ripening and olive fruit processing [6,14].
The effects of the washing operation, mechanical extraction, malaxation separation systems,
storage, and filtration on the individual and total EVOO phenolic compounds have been described in
the literature [36]. For instance, oleacein is generated over the oil extraction process, and 3,4-DHPEA
and p-HPEA concentration is usually low in fresh oils but increases during oil storage due to the
hydrolysis of secoiridoids [37–39]. Among the other EVOO phenolics, storage did not appear to have a
great effect on lignans and flavones [40]. Filtration generates the loss of phenolic compounds, mainly
phenolic alcohols and secoiridoids [41]. The best process conditions to produce EVOO with high
phenolic content have been described in the literature [42].
With regard to variety, more than 1275 olive cultivars have been identified and classified [33,43].
Depending on the cultivar, the composition of phenolic compounds could show many differences [14,44].
A review by Vossen published in 2013 analyzes the olive phenols content in various countries around the
world. Primary world olive tree cultivars organized according to their phenol content include Coratina
(Italy), Cornicabra (Spain), Koroneiki (Greece), Moraiolo (Italy), and Picual (Spain) characterized
by a very high content of phenolic compounds. They are followed by varieties such a Bosana
(Italy), Chemlali (Tunisia), Manzanilla (Spain), Maurino (Italy), Mission (USA) and Picholine (France).
Aglandau (France), Ascolano (Italy), Barnea (Israel), Barouni (Italy), Bouteillian (France), Empeltre
(Spain), Frantoio (Italy), Hojiblanca (Spain), Kalamon (Grece), Leccino (Italy), and Pendolino (Italy)
have a medium content and finally, Arbequina (Spain), Picudo (Spain), Sevillano (Spain), and Taggiasca
(Italy) have a low content [43]. It should be taken into account that this study was based on the revision
of the published data and differences could be attributed to the different analytical methods used to
assess phenolic compounds.
Other external variables, region where olives were grown and its pedoclimatic conditions
(soil characteristics, precipitation, temperature, and relative humidity), can modulate phenolic chemical
profile. It has been seen that the same variety of olive tree, cultivated under different conditions and
location, produce different concentrations of (poly)phenols in EVOO [14,44,45]. For instance, Picual
variety cultivated in Andalusia, Catalonia, and Chile presents several differences with regard to the
total phenol contents (mg/kg): 664, 609, and 402, respectively [43]. Similar to these results, variation in
the phenolic content analyzed in Arbequina EVOO from different regions of Catalonia has also been
observed [46]. The major secoiridoid compound quantitated was oleacein, which varied from 78.4 to
116 mg/kg according to the production geographical area.
3.2. EVOO Phenolics Structure–Antioxidant Activity Relationships and Other Molecular Mechanisms of these
Compounds in Relation to Human Diseases
In recent decades, the effect of EVOO phenolic compounds and their relationship with multiple
biological functions have been evaluated in in vitro and in vivo studies. Their impact in the human
organism is strongly related to their antioxidant activity [5,47]. They function as an efficient free radical
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scavenger and metal ion chelator; thus, they counteract the cytotoxic effects of metabolic stress in the
organism. The action mechanism could be attributed to the electron donating ability of the hydroxyl
groups and subsequent formation of intramolecular hydrogen bonds with free radicals [48–52].
In addition to antioxidant properties, EVOO phenolic compounds have shown anti-inflammatory
effects. In this regard, it is important to remark that in vitro studies evinced that hydroxytyrosol
derivatives such a hydroxytyrosol acetate and 3,4-dihydroxyphenylglycol showed a special role
in the anti-inflammatory effect attributed to EVOO phenolics [53,54]. They have a strong reactive
oxygen species (ROS)-scavenging activity, reducing nitrite levels, and downregulated cyclooxygenase-2
(COX-2) expression and prevented the degradation of factors involved in cellular responses to oxidative
stress in mammalian cells [54]. These effects add to the already known potent anti-inflammatory
properties of EVOO secoiridoids, mainly oleocanthal and oleacein, that is also underlined by the
inhibition of COX-2 activity [31]. Nikou et al. in 2019 also found that oleocanthal and oleacein
activated cytoprotective pathways promoting healthy aging in both mammalian cells (in vitro) and
in a Drosophila in vivo model [19]. Such effects included the upregulation of proteasome expression
and the suppression of oxidative stress that were likely triggered by nuclear factor erythroid 2-related
factor 2 (NFR2) activation, a factor which is related to inflammation [19].
The antioxidant and anti-inflammatory EVOO phenolic compounds synergistic effects have been
associated to the bioactivity of EVOO against chronic diseases since the oxidative stress pathways
and inflammation are related to different pathologies: i.e., neurodegenerative, digestive disorders,
cancer, and metabolic syndrome. As far as neurodegenerative diseases are concerned, hydroxytyrosol
is currently the most actively investigated natural polyphenol. Its antioxidant activity influences
other systems, for instance, against oxidative damage in vitro in retinal pigment epithelial cells, which
occurs in age-related macular degeneration lesions [55]. Moreover, an in vivo assay revealed that oral
supplementation of EVOO and specifically hydroxytyrosol reduces brain lipid peroxidation (LPO)
and blocks GSH depletion in rats, acting as a powerful brain antioxidant [56]. These effects have been
observed in a rat model of brain oxidative damage induced by 3-nitropropionic acid that mimics the
neurodegenerative Huntington’s disease.
With regards to digestive disorders, in vitro treatment with phenolic extracts of olive oil counteracts
the oxidative and inflammatory effects of oxidized lipids such as hydroperoxides and oxysterols on
enterocyte-like Caco-2 cells [57]. In this model, olive oil phenolics have been shown to attenuate the
mitogen-activated protein kinase (MAPK)/nuclear factor kappa B pathway, which has been implicated
in the pathogenesis of inflammatory bowel diseases [24,57]. These results pointed out the potential
protective effect of olive oil phenolics preventing the production of oxidative compounds, modulating
pro-inflammatory mediators, or inhibiting the toxic effect of dietary oxidants like oxidized products of
cholesterol present in cholesterol-containing foodstuffs [57]. The effect of EVOO phenolic compounds
against inflammatory bowel diseases has also been evaluated in in vivo studies. Although no protective
effect against colonic inflammation was found in vivo in transgenic HLAB-27 rats [58], other in vivo
assays in mice demonstrated an anti-inflammatory effect that prevents digestive disorders including
inflammatory bowel disease and acute ulcerative colitis by EVOO polyphenols rich diet [59].
Complementary studies have pointed out the anti-inflammatory capacity of hydroxytyrosol
acetate and its importance on acute ulcerative colitis. This compound might provide the beginning of
the development of a new strategy for the prevention of ulcerative colitis [60]. Diets enriched with
EVOO reduced about 50% the mortality caused by dextran sulphate sodium (DSS) in mice, which
induces colonic inflammation, similarly to ulcerative colitis. In addition to these results, hydroxytyrosol
supplementation may improve chronic colitis through nitric oxide synthases regulation plus antioxidant
capacity [61]. In addition, patients with inflammatory bowel disease are at increased risk for developing
colorectal cancer. The impact of diet enriched in polyphenols was evaluated in in vivo models and the
results showed less incidence and multiplicity of tumors [59].
Concerning cancer diseases and EVOO phenolic compounds, in vitro studies have reported
that some phenolic compounds isolated from olive oil have anticancer activity against different
Antioxidants 2020, 9, 685 7 of 17
types of cancer. Although the molecular mechanism for the anticancer properties of EVOO phenolic
compounds could have different cellular targets, it has been described that they can inhibit oncogenic
factors, including mutations, catalytic activities of predicted metabolic, and epigenetic targets and
interactions that affect DNA methylation [62–66]. Specifically, the inhibition of prostate cancer by a
hydroxytyrosol-rich extract from olive mill wastewater was found to be mediated by inhibition of
cell proliferation, adhesion, migration, and invasion [17]. In addition to hydroxytyrosol, oleuropein
also demonstrated a chemopreventive role in the proliferation of breast cancer cells by inhibiting
estrogen-dependent signals [48]. Oleocanthal and oleacein reduced the viability and migration of
non-melanoma skin cancer cells, however, tyrosol and hydroxytyrosol showed no effect in this cancer
type [18]. On the other hand, metabolites produced by the degradation of EVOO phenolic compounds
by gut microbiota may have a chemopreventive effect in colorectal cancer, which is the second most
common cancer-related death worldwide [67]. Regarding in vivo studies, one of them has shown a
powerful relationship between secoiridoid oleacein and the suppression of functional traits of breast
cancer [68].
EVOO phenolic compounds are even related to the prevention or inhibition of metabolic syndrome
diseases. An in vitro assay demonstrated that oleacein acts as an inhibitor of lysine-specific histone
demethylase 1A (LSD1) a central epigenetic regulator of metabolic reprogramming in diseases
associated with obesity, neurological disorders, and cancer [65]. Inhibitory effects were also found
against enzymes related to hyperglycemia associated with hypertension, such as α-glucosidase,
α-amylase, and angiotensin-converting enzyme (ACE) [69].
Furthermore, reactive oxygen species are critically involved in the endothelial dysfunction
contributing to atherosclerosis development. In vitro studies show that EVOO polyphenols are able
to lower oxidative stress and inflammatory-related sequelae associated with chronic degenerative
diseases [70]. This is due to its ability to modulate genes involved in oxidative tissue damage through
the activation of the nuclear erythroid 2-related factor 2 (NRF-2)/antioxidant response element (ARE)
and the AMP-activated protein kinase (AMPK) pathways [19,71]. Zrelli et al. studied specifically
the hydroxytyrosol function and indicated that it regulates the intracellular reactive oxygen species
levels in vascular endothelial cells and provides a molecular basis for the prevention of cardiovascular
diseases [72].
Regarding cardiovascular diseases and clinical trials, the present review evaluated studies that
relate the consumption of characterized olive oil, rich or enriched in phenolic compounds with
cardiovascular prevention factors. Acute [73–75] and sustained [75–77] trials have been found and they
were performed in both healthy [73–75,77] and hypercholesterolemic subjects [75,76] or with metabolic
syndrome [73]. It can be described that EVOO phenolic compounds intake showed favorable results in
modulation of oxidative balance markers of cardiovascular disease [73–75]. The results were better in
healthy patients [75] and benefits were also observed in insulin sensitivity, glycaemia, modulation
of transcription of genes involved in lipid and glucose metabolism, inflammation, and cancer [73],
and a significant reduction of oxidized LDL, malondialdehyde, triglycerides, and visceral adiposity
index [74]. Another clinical trial on Mediterranean diet and olive oil intake suggests that part of the
beneficial effects in reducing oxidative stress and regulation of pro-atherogenic genes are due to the
EVOO phenolic compounds. It also suggests the existence of a close relationship between nutrigenomic
effects and the decreased risk of cardiovascular disease [77]. Similar results were found in another
study conducted in hypercholesterolemic patients, increasing HDL cholesterol levels and improving
cardiovascular protection [76].
Although all trials found positive results, it is mandatory to remark that not all trials performed
pre-intervention washout periods and only a few combined the intervention with a low phenolic
compound diet. Furthermore, both doses supplied (25–50 mL) and phenolic compounds composition,
were different. More studies are necessary before definitive conclusions.
Antioxidants 2020, 9, 685 8 of 17
Besides the beneficial effects attributed to the EVOO phenolic compounds antioxidant activity,
the evidence suggests that EVOO benefits are partially attributable to changes in gene expression [68,78,79].
Thus, a new research area is opened on the possible effects on genetic modulation.
While there are considerable data suggesting benefits of polyphenol intake, it is also essential
to consider and study if there is a possibility of toxicity in the consumption of these compounds.
Hydroxytyrosol, which is one of the most studied compounds and to which a great antioxidant capacity
is attributed, has not reported toxicity and no adverse effects (NOAEL) have been observed up to
500 mg/kg/day (NOAEL) [80]. Phenolic compounds play a key role in the beneficial effects of EVOO
on human health and could act as supplement in the pharmaceutical and nutraceutical industry for the
treatment and prevention of oxidative stress such as inflammatory and cardiovascular diseases and
cancer [81–83].
3.3. EVOO Phenolics Bioavailability and Controlled Delivery Strategies
The promising beneficial effects of bioactive compounds initially depends on whether the active
compound and its concentration at in vitro or in vivo assay become available at the site of action
in the human body [23]. Scientific literature supports the idea that most of the dietary phenolic
compounds are stable under gastric conditions and reach the intestine, where they can be directly
absorbed, metabolized, and distributed to target tissues or continue its biotransformation by colonic
bacteria [84–86]. For this reason, the main concerns about the evaluation of the effect of EVOO phenols
involve bioaccessibility and bioavailability based on absorption and colonic fermentation, distribution,
and metabolism.
The absorption mechanism of phenolic compounds is still unclear. In the gastrointestinal tract,
olive oil produces a micellar solution. Most EVOO phenolic compounds pass through the mouth and
stomach to reach the small intestine and colon without any modification [31]. Hydroxytyrosol and
tyrosol have been demonstrated to be the best absorbed phenolics in the intestinal tract (absorption
rate ≈ 40–95%) in a dose-dependent mode [3]. Regarding secoiridoids, they remain highly stable in
the mouth but suffer significant losses in the gastric, duodenal, and colonic regions, with a recovery
rate at the duodenal level ranging between 7% and 34%. Glycosylation and cleavage of glycosidic
linkages take part in the secoiridoids absorption, and it is thought that some of them, such as oleacein,
are absorbed in the small intestine by passive diffusion through the membrane of intestinal cells [31].
It is also important to consider different factors that can affect the EVOO phenolic compounds
absorption such as food matrix. In this concern, better absorption has been found when these
compounds were administrated in oil matrix, as a natural component of olive oil. Worst responses
were observed with other matrices such as water, yogurt, or even adding it to refined olive oil [87].
These results are supported by the information reported in the literature in relation to nutraceutical
formulations. Indeed, a better response was obtained when the phenolic compounds extract was
administrated as liquid rather than in capsule form [84]. In this clinical trial based on the bioavailability
of phenols from an olive leaf extract, hydroxytyrosol metabolites and low levels of oleuropein were
detected in plasma after intake (23–93 min). Although free hydroxytyrosol has been detected in plasma
after dietary intake, most absorbed hydroxytyrosol is bioavailable as conjugated metabolites [84,87].
These findings highlight the need for in vitro studies addressing the effects of biologically relevant
compounds, such as hydroxytyrosol metabolites, which were the major phenols found in plasma after
dietary intake of olive phenols. On the other hand, it seems to be a relationship between bioavailability
and gender. Males tend to have higher peak hydroxytyrosol concentrations than females, possibly
resulting from differences in human enzymatic activity, however more research is needed before
reaching conclusions [88].
Those phenolic compounds that cannot be absorbed in the small intestine will reach the colon,
where they can be fermented by gut microbiota [88,89]. The products of colonic fermentation of
phenolics can also have beneficial health effects either in situ by promoting intestinal homeostasis
and exerting a prebiotic-like effect, or systemically after absorption [84–86]. Indeed, EVOO intake
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has reported benefits in mice gut microbiota compared to other fats and to refined olive oil, through
modulating the growth of undesirable bacteria [88]. In addition to this information, data from
cell culture assays reveals that EVOO phenols modulate enterocytes response to oxidative and
inflammatory stimuli counteracting the pro-oxidant action of oxidized lipid, tert-butyl hydroperoxide
(TBH), or a mixture of oxysterols of dietary origin [24,90]. Therefore, both the non-absorbable fraction
of phenols and the absorbable phenols before absorption from the intestinal lumen may protect the
intestinal mucosa, which is constantly exposed to harmful substances, introduced partly through the
diet as unsaturated fatty acids or oxidized cholesterol products, which are mainly responsible for the
presence of oxidized species at the colon level [24,90–92].
Once absorbed, phenolic compounds are distributed and metabolized throughout the body.
A trial conducted in rats reported that hydroxytyrosol accumulates in a dose-dependent manner,
in plasma and urine and even accumulates in liver, kidneys, and brain [93]. Furthermore, it seems that
hydroxytyrosol can cross the blood–brain barrier and exert a neuroprotective effect [23,89]. After being
distributed in the body, phenolic compounds are known to be extensively metabolized [14,51,84,94,95].
The metabolites produced, such as glucuronides [96], sulfates, aldehydes, acids formed via oxidation
of the aliphatic alcohol, methylated forms, acetylated and sulfated derivatives [97], as well as an
N-acetylcysteine derivative [98], are found at high concentrations in human tissues. In fact, more
than 10 metabolites of hydroxytyrosol and tyrosol have been described. They could act as free forms
before entering cells or metabolize once inside them. They seem to reach enough concentrations to
exert beneficial effects, through antioxidant properties, as well as modulation of intracellular signaling,
improving the cellular response to oxidative stress and pro-inflammatory stimuli [14,99].
Only 5–10% are recovered in urine in their free forms [23]. A clinical trial analysis of urine
after olive oil intake identified metabolites of most phenolic compounds, especially hydroxytyrosol,
oleuropein aglycone, and oleocanthal. However, low levels of tyrosol, luteolin, apigenin, pinoresinol,
and acetoxypinoresinol metabolites were found, suggesting that these compounds may have been
excreted through another metabolic pathway or poorly absorbed and excreted in feces [100]. Although
in recent years research has also focused on other phenolic compounds [31,100], there is a lack of
information about polyphenolic metabolization and the bioavailability of other phenolic compounds
has been scarcely studied compared to hydroxytyrosol and tyrosol.
With respect to the latest compounds, the evidence suggests that small amounts of hydroxytyrosol
and tyrosol may be synthesized endogenously as products of dopamine and tyramine metabolisms,
respectively. This evidence could be confirmed on the basis that even after hours of fasting and after
strict diet control, it is possible to find hydroxytyrosol in biological fluids. Consequently, free form
concentrations of these polyphenols combine exogenous and endogenous sources [23,95].
Despite the biological benefits already studied associated with phenolic compounds, it is important
to develop further research to determine the concentrations that free phenolic compounds reach in the
human body and whether it is sufficient to exert biological effects on the target organs, or the possible
effect that the resulting metabolites may exert. Aiming to facilitate their biological effects, new strategies
have been evaluated to increase the bioavailability of these compounds, thus opening a research
area on possible controlled delivery strategies. These strategies have been focused on increasing
their absorption through the gastrointestinal tract as well as their transport to the target organs.
Such polyphenol delivery systems comprise nanoformulations, namely nanosuspensions, solid lipid
nanoparticles, liposomes, gold nanoparticles, and polymeric nanoparticles. These systems are proving
to increase the bioactivity of natural polyphenols by increasing their intracellular concentration, thanks
to their slow and sustained release [101,102].
3.4. Alternative Sources of Olive Biophenols
It is widely known that these compounds are present in olive oil at different quantities depending
on cultivar, environmental factors during olive production, and oil processing-related factors as it
has been described above. However, phenolic compounds are also present in other parts of the plant
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or in the by-products resulting from the olive oil elaboration process. These sources of natural and
functional substances can potentially be used to recover bioactive compounds [16,103].
The olive oil industry produces a large amount of waste. Wastewater, which is currently a powerful
pollutant, could even be an interesting source of phenolic compounds [104,105]. Other sources from the
olive tree are its leaves, whose active compounds seem to provide oxidative stability to olive oil, or other
edible oils, in addition to its corresponding added nutrition value [106,107]. Phenolic compounds are
mainly polar, and consequently only a small amount is solubilized in oil when it is extracted. About
95–96% of phenols present in the olive fruit remain in the residual by-product of olive pomace, being
another source of phenolic compounds [16,108]. Olive pomace is produced in large quantities in the
olive oil industry, causing an environmental problem. In addition to possible applications as a fertilizer,
olive pomace can be used as a natural source of phenolic compounds [103,109,110].
Some researchers focus on the possibility of isolating some of the bioactive compounds from
EVOO [82], such as hydroxytyrosol, to enrich the olive oil itself [16] or even to be used as a natural
food additive, taking advantage of their antioxidant and antimicrobial activity to improve the stability
of processed foods including processed meats [111–115]. In fact, EFSA confirmed in 2017 that
hydroxytyrosol can be extracted from olive sources or produced by chemical synthesis or through the
use of microorganisms and added in formulas for dietary supplementation with no difference from the
natural compound [116].
4. Conclusions
Qualitative profile and quantitative amount of individual and total EVOO phenolic compounds
vary depending on many factors. Although agronomic, pedoclimatic, and technological conditions
to obtain the best olive oil as well as different EVOO phenolic profiles have been described in the
literature, future trends to establish a common analytical methodology in order to compare the
composition of these bioactive compounds is required to select the best olive tree varieties to obtain a
phenol-enriched EVOO.
Studies involving humans, animals, and cell cultures (in vitro and in vivo) have demonstrated
that olive phenolic compounds have potentially beneficial effects resulting from their antioxidant
activity. Their benefits are closely related to their chemical structure, specifically due to the presence
of one or more hydroxyl groups. In addition to the direct scavenging of reactive species, it is clear
that the modulation of gene expression plays a key role in the antioxidant and anti-inflammatory
properties of olive phenolic compounds. Therefore, accumulating evidence supports the association of
phenolic compounds with the prevention or reduced risk of diseases characterized by oxidative stress
or inflammation, such as cancer, digestive disorders, metabolic syndrome, and cardiovascular diseases.
Notwithstanding, conclusions regarding their preventive potential remain unresolved due to several
limitations in existing studies. Further clinical trials are necessary.
In addition to the concentration of phenolic compounds, other factors must be considered when
assessing the potential health benefits of dietary EVOO phenols. The bioavailability associated
with each phenolic compound, tissue distribution, the effective dose in the target organ, the effect
of human genetic variations, differences in gut microbiota that could determine different profile
for bioactive phenolic metabolites, synergic effects among phenolic compounds, and the possible
interaction between these compounds and other nutrients may alter the receptor function and the
possible toxicity associated with its consumption should be also considered. However, there is a lack
of clinical data, and then further investigation in this line of research may provide more findings that
are conclusive.
Metabolites of phenolic compounds have also been shown to have beneficial biological effects.
However, more information is required, since not all compounds are chemically characterized. In this
field, controlled delivery strategies of (poly)phenols or even of olive oil itself could be beneficial,
enhancing their positive effects and increasing bioavailability.
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In conclusion, EVOO intake from Mediterranean diet and even as a functional food, plays
critical metabolic roles in the human organism. A large portion of these benefits is associated
with its richness in phenolic compounds. Nonetheless, further research is required to establish
compound–benefit relationships.
Author Contributions: Conceptualization and design, J.L.-S.; Funding acquisition J.L.-S. and A.S.-C.; Investigation
and data analysis, P.R.-L.; Writing–original draft, P.R.-L.; Writing–review & editing, P.R.-L., J.L.-S., I.B.-L., T.E.,
J.A.M. and A.S.-C. All authors have read and agreed to the published version of the manuscript.
Funding: This study was supported by Junta de Andalucia, Andalucian Government, Spain (B–AGR–466–UGR18).
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Estruch, R.; Ros, E.; Salas-Salvadó, J.; Covas, M.-I.; Corella, D.; Arós, F.; Gómez-Gracia, E.; Ruiz-Gutiérrez, V.;
Fiol, M.; Lapetra, J.; et al. Primary Prevention of Cardiovascular Disease with a Mediterranean Diet
Supplemented with Extra-Virgin Olive Oil or Nuts. N. Engl. J. Med. 2018, 378, e34. [CrossRef] [PubMed]
2. Romani, A.; Ieri, F.; Urciuoli, S.; Noce, A.; Marrone, G.; Nediani, C.; Bernini, R. Health Effects of Phenolic
Compounds Found in Extra-Virgin Olive Oil, By-Products, and Leaf of Olea europaea L. Nutrients 2019, 11,
1776. [CrossRef] [PubMed]
3. Cicerale, S.; Lucas, L.; Keast, R. Biological activities of phenolic compounds present in virgin olive oil.
Int. J. Mol. Sci. 2010, 11, 458–479. [CrossRef] [PubMed]
4. Toric, J.; Markovic, A.K.; Brala, C.J.; Barbaric, M. Anticancer effects of olive oil polyphenols and their
combinations with anticancer drugs. Acta Pharm. 2019, 69, 461–482. [CrossRef] [PubMed]
5. Gorzynik-Debicka, M.; Przychodzen, P.; Cappello, F.; Kuban-Jankowska, A.; Gammazza, A.M.; Knap, N.;
Wozniak, M.; Gorska-Ponikowska, M. Potential health benefits of olive oil and plant polyphenols.
Int. J. Mol. Sci. 2018, 19, 686. [CrossRef]
6. Cicerale, S.; Lucas, L.J.; Keast, R.S.J. Antimicrobial, antioxidant and anti-inflammatory phenolic activities in
extra virgin olive oil. Curr. Opin. Biotechnol. 2012, 23, 129–135. [CrossRef]
7. Widmer, R.J.; Flammer, A.J.; Lerman, L.O.; Lerman, A. The Mediterranean diet, its components,
and cardiovascular disease. Am. J. Med. 2015, 128, 229–238. [CrossRef]
8. Castro-Quezada, I.; Román-Viñas, B.; Serra-Majem, L. The mediterranean diet and nutritional adequacy:
A review. Nutrients 2014, 6, 231–248. [CrossRef]
9. Parkinson, L.; Cicerale, S. The health benefiting mechanisms of virgin olive oil phenolic compounds. Molecules
2016, 21, 1734. [CrossRef]
10. Bach-Faig, A.; Berry, E.M.; Lairon, D.; Reguant, J.; Trichopoulou, A.; Dernini, S.; Medina, F.X.; Battino, M.;
Belahsen, R.; Miranda, G.; et al. Mediterranean diet pyramid today. Science and cultural updates.
Public Health Nutr. 2011, 14, 2274–2284. [CrossRef]
11. Estruch, R.; Ros, E.; Salas-Salvadó, J.; Covas, M.I.; Corella, D.; Arós, F.; Gómez-Gracia, E.; Ruiz-Gutiérrez, V.;
Fiol, M.; Lapetra, J.; et al. Primary prevention of cardiovascular disease with a Mediterranean diet.
N. Engl. J. Med. 2013, 368, 1279–1290. [CrossRef] [PubMed]
12. Martirosyan, D.M.; Singh, J. A new definition of functional food by FFC: What makes a new definition
unique? Funct. Foods Health Dis. 2015, 5, 209–223. [CrossRef]
13. Functional Food in the European Union | EU Science Hub. Available online: https://ec.europa.eu/jrc/
en/publication/eur-scientific-and-technical-research-reports/functional-food-european-union (accessed on
22 April 2020).
14. Serreli, G.; Deiana, M. Biological relevance of extra virgin olive oil polyphenols metabolites. Antioxidants
2018, 7, 170. [CrossRef] [PubMed]
15. Marcelino, G.; Hiane, P.A.; Freitas, K.d.C.; Santana, L.F.; Pott, A.; Donadon, J.R.; Guimarães, R.d.C.A. Effects
of olive oil and its minor components on cardiovascular diseases, inflammation, and gut microbiota. Nutrients
2019, 11, 1826. [CrossRef]
16. Reboredo-Rodríguez, P.; Figueiredo-González, M.; González-Barreiro, C.; Simal-Gándara, J.; Salvador, M.D.;
Cancho-Grande, B.; Fregapane, G. State of the art on functional virgin olive oils enriched with bioactive
compounds and their properties. Int. J. Mol. Sci. 2017, 18, 668. [CrossRef]
Antioxidants 2020, 9, 685 12 of 17
17. Baci, D.; Gallazzi, M.; Cascini, C.; Tramacere, M.; De Stefano, D.; Bruno, A.; Noonan, D.M.; Albini, A.
Downregulation of pro-inflammatory and pro-angiogenic pathways in prostate cancer cells by a
polyphenol-rich extract from olive mill wastewater. Int. J. Mol. Sci. 2019, 20, 307. [CrossRef]
18. Polini, B.; Digiacomo, M.; Carpi, S.; Bertini, S.; Gado, F.; Saccomanni, G.; Macchia, M.; Nieri, P.; Manera, C.;
Fogli, S. Oleocanthal and oleacein contribute to the in vitro therapeutic potential of extra virgin oil-derived
extracts in non-melanoma skin cancer. Toxicol. Vitr. 2018, 52, 243–250. [CrossRef]
19. Nikou, T.; Liaki, V.; Stathopoulos, P.; Sklirou, A.D.; Tsakiri, E.N.; Jakschitz, T.; Bonn, G.; Trougakos, I.P.;
Halabalaki, M.; Skaltsounis, L.A. Comparison survey of EVOO polyphenols and exploration of healthy
aging-promoting properties of oleocanthal and oleacein. Food Chem. Toxicol. 2019, 125, 403–412. [CrossRef]
20. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific Opinion on the substantiation of a
health claim related to polyphenols in olive and maintenance of normal blood HDL cholesterol concentrations
(ID 1639, further assessment) pursuant to Article 13(1) of Regulation (EC) No 1924/2006. EFSA J. 2012, 10.
[CrossRef]
21. Tetens, I. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA); Scientific Opinion on the Substantiation
of a Health Claim Related to Glucosamine and Maintenance of Lycopene, Proanthocyanidins, Vitamin C, Vitamin E,
Selenium and Beta-Carotene and Contribution to Normal Collagen Formation (ID 1669) and Protection of the Skin
from UV-Induced Damage (ID 1669) Pursuant to Article 13(1) of Regulation (EC) No 1924/2006; European Food
Safety Authority (EFSA): Parma, Italy, 2011.
22. Franconi, F.; Coinu, R.; Carta, S.; Urgeghe, P.P.; Ieri, F.; Mulinacci, N.; Romani, A. Antioxidant effect of two
virgin olive oils depends on the concentration and composition of minor polar compounds. J. Agric. Food Chem.
2006, 54, 3121–3125. [CrossRef]
23. Rodríguez-Morató, J.; Boronat, A.; Kotronoulas, A.; Pujadas, M.; Pastor, A.; Olesti, E.; Pérez-Mañá, C.;
Khymenets, O.; Fitó, M.; Farré, M.; et al. Metabolic disposition and biological significance of simple phenols
of dietary origin: Hydroxytyrosol and tyrosol. Drug Metab. Rev. 2016, 48, 218–236. [CrossRef]
24. Incani, A.; Serra, G.; Atzeri, A.; Melis, M.P.; Serreli, G.; Bandino, G.; Sedda, P.; Campus, M.; Tuberoso, C.I.G.;
Deiana, M. Extra virgin olive oil phenolic extracts counteract the pro-oxidant effect of dietary oxidized lipids
in human intestinal cells. Food Chem. Toxicol. 2016, 90, 171–180. [CrossRef] [PubMed]
25. Gutierrez-Rosales, F.; Romero, M.P.; Casanovas, M.; Motilva, M.J.; Mínguez-Mosquera, M.I. Metabolites
involved in oleuropein accumulation and degradation in fruits of Olea europaea L.: Hojiblanca and Arbequina
varieties. J. Agric. Food Chem. 2010, 58, 12924–12933. [CrossRef] [PubMed]
26. García-Villalba, R.; Carrasco-Pancorbo, A.; Oliveras-Ferraros, C.; Vázquez-Martín, A.; Menéndez, J.A.;
Segura-Carretero, A.; Fernández-Gutiérrez, A. Characterization and quantification of phenolic compounds
of extra-virgin olive oils with anticancer properties by a rapid and resolutive LC-ESI-TOF MS method.
J. Pharm. Biomed. Anal. 2010, 51, 416–429. [CrossRef]
27. El Riachy, M.; Priego-Capote, F.; León, L.; Rallo, L.; Luque de Castro, M.D. Hydrophilic antioxidants of virgin
olive oil. Part 1: Hydrophilic phenols: A key factor for virgin olive oil quality. Eur. J. Lipid Sci. Technol. 2011,
113, 678–691. [CrossRef]
28. Stefani, M.; Rigacci, S. Beneficial properties of natural phenols: Highlight on protection against pathological
conditions associated with amyloid aggregation. BioFactors 2014, 40, 482–493. [CrossRef] [PubMed]
29. Dinda, B.; Debnath, S.; Banik, R. Naturally occurring iridoids and secoiridoids. An updated review, part 4.
Chem. Pharm. Bull. 2011, 59, 803–833. [CrossRef] [PubMed]
30. Dinda, B.; Debnath, S.; Harigaya, Y. Naturally occurring iridoids. A Review, part 1. Chem. Pharm. Bull. 2007,
55, 159–222. [CrossRef]
31. Lozano-Castellón, J.; López-Yerena, A.; Rinaldi de Alvarenga, J.F.; Romero del Castillo-Alba, J.;
Vallverdú-Queralt, A.; Escribano-Ferrer, E.; Lamuela-Raventós, R.M. Health-promoting properties of
oleocanthal and oleacein: Two secoiridoids from extra-virgin olive oil. Crit. Rev. Food Sci. Nutr. 2019.
[CrossRef]
32. Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J.P.E.; Tognolini, M.; Borges, G.; Crozier, A. Dietary (poly)phenolics
in human health: Structures, bioavailability, and evidence of protective effects against chronic diseases.
Antioxidants Redox Signal. 2013, 18, 1818–1892. [CrossRef]
33. Aparicio, R.; Harwood, J. Handbook of Olive Oil: Analysis and Properties; Springer: London, UK, 2013;
ISBN 9781461477778.
Antioxidants 2020, 9, 685 13 of 17
34. García-Rodríguez, R.; Romero-Segura, C.; Sanz, C.; Sánchez-Ortiz, A.; Pérez Rubio, A.G. Role of Polyphenol Oxidase
and Peroxidase in Shaping the Phenolic Profile of Virgin Olive Oil. Food Res. Int. 2011, 2, 629–635. [CrossRef]
35. Romero-Segura, C.; García-Rodríguez, R.; Sánchez-Ortiz, A.; Sanz, C.; Pérez, A.G. The role of olive
β-glucosidase in shaping the phenolic profile of virgin olive oil. Food Res. Int. 2012, 45, 191–196. [CrossRef]
36. Preziuso, S.M.; Di Serio, M.G.; Biasone, A.; Vito, R.; Regina Mucciarella, M.; Di Giovacchino, L. Influence of
olive crushing methods on the yields and oils characteristics. Eur. J. Lipid Sci. Technol. 2010, 112, 1345–1355.
[CrossRef]
37. Mancebo-Campos, V.; Salvador, M.D.; Fregapane, G. Antioxidant capacity of individual and combined virgin
olive oil minor compounds evaluated at mild temperature (25 and 40 C) as compared to accelerated and
antiradical assays. Food Chem. 2014, 150, 374–381. [CrossRef]
38. Esposto, S.; Selvaggini, R.; Taticchi, A.; Veneziani, G.; Sordini, B.; Servili, M. Quality evolution of extra-virgin
olive oils according to their chemical composition during 22 months of storage under dark conditions.
Food Chem. 2020, 311, 126044. [CrossRef]
39. Pérez, A.G.; León, L.; Pascual, M.; Romero-Segura, C.; Sánchez-Ortiz, A.; de la Rosa, R.; Sanz, C. Variability
of Virgin Olive Oil Phenolic Compounds in a Segregating Progeny from a Single Cross in Olea europaea L.
and Sensory and Nutritional Quality Implications. PLoS ONE 2014, 9, e92898. [CrossRef]
40. Lozano-Sánchez, J.; Bendini, A.; Quirantes-Piné, R.; Cerretani, L.; Segura-Carretero, A.;
Fernández-Gutiérrez, A. Monitoring the bioactive compounds status of extra-virgin olive oil and storage
by-products over the shelf life. Food Control 2013, 30, 606–615. [CrossRef]
41. Bakhouche, A.; Lozano-Sánchez, J.; Ballus, C.A.; Bendini, A.; Gallina-Toschi, T.; Fernández-Gutiérrez, A.;
Segura-Carretero, A. A new extraction approach to correct the effect of apparent increase in the secoiridoid
content after filtration of virgin olive oil. Talanta 2014, 127, 18–25. [CrossRef]
42. Frankel, E.; Bakhouche, A.; Lozano-Sánchez, J.; Segura-Carretero, A.; Fernández-Gutiérrez, A. Literature
review on production process to obtain extra virgin olive oil enriched in bioactive compounds. Potential use
of byproducts as alternative sources of polyphenols. J. Agric. Food Chem. 2013, 61, 5179–5188. [CrossRef]
43. Vossen, P. Growing olives for oil. In Handbook of Olive Oil: Analysis and Properties; Springer: London, UK,
2013; pp. 19–56. ISBN 9781461477778.
44. Vitaglione, P.; Savarese, M.; Paduano, A.; Scalfi, L.; Fogliano, V.; Sacchi, R. Healthy Virgin Olive Oil: A Matter
of Bitterness. Crit. Rev. Food Sci. Nutr. 2015, 55, 1808–1818. [CrossRef]
45. Miho, H.; Moral, J.; López-González, M.A.; Díez, C.M.; Priego-Capote, F. The phenolic profile of virgin olive
oil is influenced by malaxation conditions and determines the oxidative stability. Food Chem. 2020, 314,
126183. [CrossRef] [PubMed]
46. Bakhouche, A.; Lozano-Sánchez, J.; Beltrán-Debón, R.; Joven, J.; Segura-Carretero, A.; Fernández-Gutiérrez, A.
Phenolic characterization and geographical classification of commercial Arbequina extra-virgin olive oils
produced in southern Catalonia. Food Res. Int. 2013, 50, 401–408. [CrossRef]
47. Schwingshackl, L.; Morze, J.; Hoffmann, G. Mediterranean diet and health status: Active ingredients and
pharmacological mechanisms. Br. J. Pharmacol. 2020, 177, 1241–1257. [CrossRef]
48. Sirianni, R.; Chimento, A.; de Luca, A.; Casaburi, I.; Rizza, P.; Onofrio, A.; Iacopetta, D.; Puoci, F.; Andò, S.;
Maggiolini, M.; et al. Oleuropein and hydroxytyrosol inhibit MCF-7 breast cancer cell proliferation interfering
with ERK1/2 activation. Mol. Nutr. Food Res. 2010, 54, 833–840. [CrossRef]
49. Bulotta, S.; Corradino, R.; Celano, M.; D’Agostino, M.; Maiuolo, J.; Oliverio, M.; Procopio, A.; Iannone, M.;
Rotiroti, D.; Russo, D. Antiproliferative and antioxidant effects on breast cancer cells of oleuropein and its
semisynthetic peracetylated derivatives. Food Chem. 2011, 127, 1609–1614. [CrossRef]
50. Bouallagui, Z.; Han, J.; Isoda, H.; Sayadi, S. Hydroxytyrosol rich extract from olive leaves modulates cell
cycle progression in MCF-7 human breast cancer cells. Food Chem. Toxicol. 2011, 49, 179–184. [CrossRef]
51. Paiva-Martins, F.; Fernandes, J.; Santos, V.; Silva, L.; Borges, F.; Rocha, S.; Belo, L.; Santos-Silva, A.
Powerful protective role of 3,4-dihydroxyphenylethanol-elenolic acid dialdehyde against erythrocyte
oxidative-Lnduced hemolysis. J. Agric. Food Chem. 2010, 58, 135–140. [CrossRef]
52. Lucas, L.; Russell, A.; Keast, R. Molecular Mechanisms of Inflammation. Anti-Inflammatory Benefits of
Virgin Olive Oil and the Phenolic Compound Oleocanthal. Curr. Pharm. Des. 2011, 17, 754–768. [CrossRef]
53. Cárdeno, A.; Sánchez-Hidalgo, M.; Aparicio-Soto, M.; Sánchez-Fidalgo, S.; Alarcón-De-La-Lastra, C. Extra
virgin olive oil polyphenolic extracts downregulate inflammatory responses in LPS-activated murine peritoneal
macrophages suppressing NFκB and MAPK signalling pathways. Food Funct. 2014, 5, 1270–1277. [CrossRef]
Antioxidants 2020, 9, 685 14 of 17
54. Aparicio-Soto, M.; Sánchez-Fidalgo, S.; González-Benjumea, A.; Maya, I.; Fernández-Bolaños, J.G.;
Alarcón-de-la-Lastra, C. Naturally occurring hydroxytyrosol derivatives: Hydroxytyrosyl acetate and
3,4-dihydroxyphenylglycol modulate inflammatory response in murine peritoneal macrophages. potential
utility as new dietary supplements. J. Agric. Food Chem. 2015, 63, 836–846. [CrossRef] [PubMed]
55. Zhu, L.; Liu, Z.; Feng, Z.; Hao, J.; Shen, W.; Li, X.; Sun, L.; Sharman, E.; Wang, Y.; Wertz, K.; et al.
Hydroxytyrosol protects against oxidative damage by simultaneous activation of mitochondrial biogenesis
and phase II detoxifying enzyme systems in retinal pigment epithelial cells. J. Nutr. Biochem. 2010, 21,
1089–1098. [CrossRef] [PubMed]
56. Tasset, I.; Pontes, A.J.; Hinojosa, A.J.; de la Torre, R.; Túnez, I. Olive oil reduces oxidative damage in
a 3-nitropropionic acid-induced huntington’s disease-like rat model. Nutr. Neurosci. 2011, 14, 106–111.
[CrossRef] [PubMed]
57. Serra, G.; Incani, A.; Serreli, G.; Porru, L.; Melis, M.P.; Tuberoso, C.I.G.; Rossin, D.; Biasi, F.; Deiana, M. Olive
oil polyphenols reduce oxysterols-induced redox imbalance and pro-inflammatory response in intestinal
cells. Redox Biol. 2018, 17, 348–354. [CrossRef] [PubMed]
58. Bigagli, E.; Toti, S.; Lodovici, M.; Giovannelli, L.; Cinci, L.; D’Ambrosio, M.; Luceri, C. Dietary Extra-Virgin
Olive Oil Polyphenols Do Not Attenuate Colon Inflammation in Transgenic HLAB-27 Rats but Exert
Hypocholesterolemic Effects through the Modulation of HMGCR and PPAR-α Gene Expression in the Liver.
Lifestyle Genom. 2018, 11, 99–108. [CrossRef]
59. Sánchez-Fidalgo, S.; Villegas, I.; Cárdeno, A.; Talero, E.; Sánchez-Hidalgo, M.; Motilva, V.; Alarcón de la
Lastra, C. Extra-virgin olive oil-enriched diet modulates DSS-colitis-associated colon carcinogenesis in mice.
Clin. Nutr. 2010, 29, 663–673. [CrossRef]
60. Sánchez-Fidalgo, S.; Villegas, I.; Aparicio-Soto, M.; Cárdeno, A.; Rosillo, M.Á.; González-Benjumea, A.;
Marset, A.; López, Ó.; Maya, I.; Fernández-Bolaños, J.G.; et al. Effects of dietary virgin olive oil polyphenols:
Hydroxytyrosyl acetate and 3, 4-dihydroxyphenylglycol on DSS-induced acute colitis in mice. J. Nutr. Biochem.
2015, 26, 513–520. [CrossRef]
61. Sánchez-Fidalgo, S.; Sánchez De Ibargüen, L.; Cárdeno, A.; Alarcón De La Lastra, C. Influence of extra virgin
olive oil diet enriched with hydroxytyrosol in a chronic DSS colitis model. Eur. J. Nutr. 2012, 51, 497–506.
[CrossRef] [PubMed]
62. Verdura, S.; Cuyàs, E.; Lozano-Sánchez, J.; Bastidas-Velez, C.; Llorach-Parés, L.; Fernández-Arroyo, S.;
Hernández-Aguilera, A.; Joven, J.; Nonell-Canals, A.; Bosch-Barrera, J.; et al. An olive oil phenolic is a new
chemotype of mutant isocitrate dehydrogenase 1 (IDH1) inhibitors. Carcinogenesis 2019, 40, 27–40. [CrossRef]
[PubMed]
63. Cuyàs, E.; Verdura, S.; Lozano-Sánchez, J.; Viciano, I.; Llorach-Parés, L.; Nonell-Canals, A.; Bosch-Barrera, J.;
Brunet, J.; Segura-Carretero, A.; Sanchez-Martinez, M.; et al. The extra virgin olive oil phenolic oleacein is a
dual substrate-inhibitor of catechol-O-methyltransferase. Food Chem. Toxicol. 2019, 128, 35–45. [CrossRef]
[PubMed]
64. Cuyàs, E.; Castillo, D.; Llorach-Parés, L.; Lozano-Sánchez, J.; Verdura, S.; Nonell-Canals, A.; Brunet, J.;
Bosch-Barrera, J.; Joven, J.; Valdés, R.; et al. Computational de-orphanization of the olive oil biophenol
oleacein: Discovery of new metabolic and epigenetic targets. Food Chem. Toxicol. 2019, 131, 110529. [CrossRef]
65. Cuyàs, E.; Verdura, S.; Menendez, J.A.; Carreras, D.; Verdura, S.; Brugada, R.; Bosch-Barrera, J.; Gumuzio, J.;
Martin, Á.G.; Lozano-Sánchez, J.; et al. Extra virgin olive oil contains a phenolic inhibitor of the histone
demethylase LSD1/KDM1A. Nutrients 2019, 11, 1656. [CrossRef] [PubMed]
66. Oliveras-Ferraros, C.; Fernández-Arroyo, S.; Vazquez-Martin, A.; Lozano-Sánchez, J.; Cufí, S.; Joven, J.;
Micol, V.; Fernández-Gutiérrez, A.; Segura-Carretero, A.; Menendez, J.A. Crude phenolic extracts from extra
virgin olive oil circumvent de novo breast cancer resistance to HER1/HER2-targeting drugs by inducing
GADD45-sensed cellular stress, G2/M arrest and hyperacetylation of Histone H3. Int. J. Oncol. 2011, 38,
1533–1547. [CrossRef] [PubMed]
67. Colorectal Cancer Source: Globocan 2018 Number of New Cases in 2018, Both Sexes, All Ages; International Agency
for Research on Cancer, World Health Organization: Lyon, France, 2018.
68. Corominas-Faja, B.; Cuyàs, E.; Lozano-Sánchez, J.; Cufí, S.; Verdura, S.; Fernández-Arroyo, S.;
Borrás-Linares, I.; Martin-Castillo, B.; Martin, Á.G.; Lupu, R.; et al. Extra-virgin olive oil contains a
metabolo-epigenetic inhibitor of cancer stem cells. Carcinogenesis 2018, 39, 601–613. [CrossRef] [PubMed]
Antioxidants 2020, 9, 685 15 of 17
69. Loizzo, M.R.; Lecce, G.D.; Boselli, E.; Menichini, F.; Frega, N.G. Inhibitory Activity of Phenolic Compounds
From Extra Virgin Olive Oils on the Enzymes Involved in Diabetes, Obesity and Hypertension. J. Food Biochem.
2011, 35, 381–399. [CrossRef]
70. Calabriso, N.; Massaro, M.; Scoditti, E.; D’Amore, S.; Gnoni, A.; Pellegrino, M.; Storelli, C.; De Caterina, R.;
Palasciano, G.; Carluccio, M.A. Extra virgin olive oil rich in polyphenols modulates VEGF-induced angiogenic
responses by preventing NADPH oxidase activity and expression. J. Nutr. Biochem. 2016, 28, 19–29. [CrossRef]
71. Palmieri, D.; Aliakbarian, B.; Casazza, A.A.; Ferrari, N.; Spinella, G.; Pane, B.; Cafueri, G.; Perego, P.;
Palombo, D. Effects of polyphenol extract from olive pomace on anoxia-induced endothelial dysfunction.
Microvasc. Res. 2012, 83, 281–289. [CrossRef]
72. Zrelli, H.; Matsuoka, M.; Kitazaki, S.; Zarrouk, M.; Miyazaki, H. Hydroxytyrosol reduces intracellular
reactive oxygen species levels in vascular endothelial cells by upregulating catalase expression through the
AMPK-FOXO3a pathway. Eur. J. Pharmacol. 2011, 660, 275–282. [CrossRef]
73. D’Amore, S.; Vacca, M.; Cariello, M.; Graziano, G.; D’Orazio, A.; Salvia, R.; Sasso, R.C.; Sabbà, C.;
Palasciano, G.; Moschetta, A. Genes and miRNA expression signatures in peripheral blood mononuclear
cells in healthy subjects and patients with metabolic syndrome after acute intake of extra virgin olive oil.
Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 2016, 1861, 1671–1680. [CrossRef]
74. Perrone, M.A.; Gualtieri, P.; Gratteri, S.; Ali, W.; Sergi, D.; Muscoli, S.; Cammarano, A.; Bernardini, S.;
Di Renzo, L.; Romeo, F. Effects of postprandial hydroxytyrosol and derivates on oxidation of LDL,
cardiometabolic state and gene expression: A nutrigenomic approach for cardiovascular prevention.
J. Cardiovasc. Med. 2019, 20, 419–426. [CrossRef]
75. Fernández-Castillejo, S.; García-Heredia, A.I.; Solà, R.; Camps, J.; López de la Hazas, M.C.; Farràs, M.;
Pedret, A.; Catalán, Ú.; Rubió, L.; Motilva, M.J.; et al. Phenol-enriched olive oils modify paraoxonase-related
variables: A randomized, crossover, controlled trial. Mol. Nutr. Food Res. 2017, 61. [CrossRef]
76. Pedret, A.; Fernández-Castillejo, S.; Valls, R.M.; Catalán, Ú.; Rubió, L.; Romeu, M.; Macià, A.; López de las
Hazas, M.C.; Farràs, M.; Giralt, M.; et al. Cardiovascular Benefits of Phenol-Enriched Virgin Olive Oils: New
Insights from the Virgin Olive Oil and HDL Functionality (VOHF) Study. Mol. Nutr. Food Res. 2018, 62,
e1800456. [CrossRef] [PubMed]
77. Konstantinidou, V.; Covas, M.; Muñoz-Aguayo, D.; Khymenets, O.; Torre, R.; Saez, G.; Carmen Tormos, M.;
Toledo, E.; Marti, A.; Ruiz-Gutiérrez, V.; et al. In vivo nutrigenomic effects of virgin olive oil polyphenols
within the frame of the Mediterranean diet: A randomized controlled trial. FASEB J. 2010, 24, 2546–2557.
[CrossRef] [PubMed]
78. Joven, J.; Micol, V.; Segura-Carretero, A.; Alonso-Villaverde, C.; Menéndez, J.A.; Aragonès, G.; Barrajón-Catalán, E.;
Beltrán-Debón, R.; Camps, J.; Cufí, S.; et al. Polyphenols and the Modulation of Gene Expression Pathways:
Can We Eat Our Way Out of the Danger of Chronic Disease? Crit. Rev. Food Sci. Nutr. 2014, 54, 985–1001.
[CrossRef] [PubMed]
79. Menendez, J.A.; Joven, J.; Aragonès, G.; Barrajón-Catalán, E.; Beltrán-Debón, R.; Borrás-Linares, I.; Camps, J.;
Corominas-Faja, B.; Cufí, S.; Fernández-Arroyo, S.; et al. Xenohormetic and anti-aging activity of secoiridoid
polyphenols present in extra virgin olive oil: A new family of gerosuppressant agents. Cell Cycle 2013, 12,
555–578. [CrossRef]
80. Auñon-Calles, D.; Canut, L.; Visioli, F. Toxicological evaluation of pure hydroxytyrosol. Food Chem. Toxicol.
2013, 55, 498–504. [CrossRef]
81. Reboredo-Rodríguez, P.; Varela-López, A.; Forbes-Hernández, T.Y.; Gasparrini, M.; Afrin, S.; Cianciosi, D.;
Zhang, J.; Manna, P.P.; Bompadre, S.; Quiles, J.L.; et al. Phenolic compounds isolated from olive oil as
nutraceutical tools for the prevention and management of cancer and cardiovascular diseases. Int. J. Mol. Sci.
2018, 19, 2305. [CrossRef]
82. Kalampaliki, A.D.; Giannouli, V.; Skaltsounis, A.L.; Kostakis, I.K. A three-step, gram-scale synthesis of
hydroxytyrosol, hydroxytyrosol acetate, and 3,4-dihydroxyphenylglycol. Molecules 2019, 24, 3239. [CrossRef]
83. Giordano, E.; Dávalos, A.; Visioli, F. Chronic hydroxytyrosol feeding modulates glutathione-mediated
oxido-reduction pathways in adipose tissue: A nutrigenomic study. Nutr. Metab. Cardiovasc. Dis. 2014, 24,
1144–1150. [CrossRef]
84. de Bock, M.; Thorstensen, E.B.; Derraik, J.G.B.; Henderson, H.V.; Hofman, P.L.; Cutfield, W.S. Human
absorption and metabolism of oleuropein and hydroxytyrosol ingested as olive ( Olea europaea L.) leaf extract.
Mol. Nutr. Food Res. 2013, 57, 2079–2085. [CrossRef]
Antioxidants 2020, 9, 685 16 of 17
85. Pereira-Caro, G.; Sarriá, B.; Madrona, A.; Espartero, J.L.; Escuderos, M.E.; Bravo, L.; Mateos, R. Digestive
stability of hydroxytyrosol, hydroxytyrosyl acetate and alkyl hydroxytyrosyl ethers. Int. J. Food Sci. Nutr.
2012, 63, 703–707. [CrossRef]
86. Pinto, J.; Paiva-Martins, F.; Corona, G.; Debnam, E.S.; Jose Oruna-Concha, M.; Vauzour, D.; Gordon, M.H.;
Spencer, J.P.E. Absorption and metabolism of olive oil secoiridoids in the small intestine. Br. J. Nutr. 2011,
105, 1607–1618. [CrossRef] [PubMed]
87. González-Santiago, M.; Fonollá, J.; Lopez-Huertas, E. Human absorption of a supplement containing
purified hydroxytyrosol, a natural antioxidant from olive oil, and evidence for its transient association with
low-density lipoproteins. Pharmacol. Res. 2010, 61, 364–370. [CrossRef] [PubMed]
88. Martínez, N.; Prieto, I.; Hidalgo, M.; Segarra, A.B.; Martínez-Rodríguez, A.M.; Cobo, A.; Ramírez, M.;
Gálvez, A.; Martínez-Cañamero, M. Refined versus Extra Virgin Olive Oil High-Fat Diet Impact on Intestinal
Microbiota of Mice and Its Relation to Different Physiological Variables. Microorganisms 2019, 7, 61. [CrossRef]
[PubMed]
89. Rigacci, S.; Stefani, M. Nutraceutical Properties of Olive Oil Polyphenols. An Itinerary from Cultured Cells
through Animal Models to Humans. Int. J. Mol. Sci. 2016, 17, 843. [CrossRef]
90. Deiana, M.; Corona, G.; Incani, A.; Loru, D.; Rosa, A.; Atzeri, A.; Melis, M.P.; Dessì, M.A. Protective effect of
simple phenols from extravirgin olive oil against lipid peroxidation in intestinal Caco-2 cells. Food Chem.
Toxicol. 2010, 48, 3008–3016. [CrossRef]
91. Borzì, A.M.; Biondi, A.; Basile, F.; Luca, S.; Vicari, E.S.D.; Vacante, M. Olive oil effects on colorectal cancer.
Nutrients 2019, 11, 32. [CrossRef]
92. Deiana, M.; Serra, G.; Corona, G. Modulation of intestinal epithelium homeostasis by extra virgin olive oil
phenolic compounds. Food Funct. 2018, 9, 4085–4099. [CrossRef]
93. López de las Hazas, M.C.; Rubió, L.; Kotronoulas, A.; de la Torre, R.; Solà, R.; Motilva, M.J. Dose effect on the
uptake and accumulation of hydroxytyrosol and its metabolites in target tissues in rats. Mol. Nutr. Food Res.
2015, 59, 1395–1399. [CrossRef]
94. Kesen, S.; Kelebek, H.; Selli, S. Characterization of the Volatile, Phenolic and Antioxidant Properties of
Monovarietal Olive Oil Obtained from cv. Halhali. J. Am. Oil Chem. Soc. 2013, 90, 1685–1696. [CrossRef]
95. De La Torre, R. Bioavailability of olive oil phenolic compounds in humans. Inflammopharmacology 2008, 16,
245–247. [CrossRef]
96. Khymenets, O.; Fitó, M.; Touriño, S.; Muñoz-Aguayo, D.; Pujadas, M.; Torres, J.L.; Joglar, J.; Farré, M.;
Covas, M.I.; De La Torre, R. Antioxidant activities of hydroxytyrosol main metabolites do not contribute to
beneficial health effects after olive oil ingestion. Drug Metab. Dispos. 2010, 38, 1417–1421. [CrossRef]
97. Rubió, L.; MacIà, A.; Valls, R.M.; Pedret, A.; Romero, M.P.; Solà, R.; Motilva, M.J. A new hydroxytyrosol
metabolite identified in human plasma: Hydroxytyrosol acetate sulphate. Food Chem. 2012, 134, 1132–1136.
[CrossRef]
98. Kotronoulas, A.; Pizarro, N.; Serra, A.; Robledo, P.; Joglar, J.; Rubió, L.; Hernaéz, Á.; Tormos, C.; Motilva, M.J.;
Fitó, M.; et al. Dose-dependent metabolic disposition of hydroxytyrosol and formation of mercapturates in
rats. Pharmacol. Res. 2013, 77, 47–56. [CrossRef]
99. Silva, S.; Garcia-Aloy, M.; Figueira, M.E.; Combet, E.; Mullen, W.; Bronze, M.R. High Resolution Mass
Spectrometric Analysis of Secoiridoids and Metabolites as Biomarkers of Acute Olive Oil Intake—An
Approach to Study Interindividual Variability in Humans. Mol. Nutr. Food Res. 2018, 62. [CrossRef]
100. García-Villalba, R.; Carrasco-Pancorbo, A.; Nevedomskaya, E.; Mayboroda, O.A.; Deelder, A.M.;
Segura-Carretero, A.; Fernández-Gutiérrez, A. Exploratory analysis of human urine by LC-ESI-TOF MS after
high intake of olive oil: Understanding the metabolism of polyphenols. Anal. Bioanal. Chem. 2010, 398,
463–475. [CrossRef] [PubMed]
101. Davatgaran-Taghipour, Y.; Masoomzadeh, S.; Farzaei, M.H.; Bahramsoltani, R.; Karimi-Soureh, Z.; Rahimi, R.;
Abdollahi, M. Polyphenol nanoformulations for cancer therapy: Experimental evidence and clinical
perspective. Int. J. Nanomed. 2017, 12, 2689–2702. [CrossRef]
102. Squillaro, T.; Cimini, A.; Peluso, G.; Giordano, A.; Melone, M.A.B. Nano-delivery systems for encapsulation of
dietary polyphenols: An experimental approach for neurodegenerative diseases and brain tumors. Biochem.
Pharmacol. 2018, 154, 303–317. [CrossRef]
103. Suárez, M.; Romero, M.P.; Motilva, M.J. Development of a phenol-enriched olive oil with phenolic compounds
from olive cake. J. Agric. Food Chem. 2010, 58, 10396–10403. [CrossRef]
Antioxidants 2020, 9, 685 17 of 17
104. Aggoun, M.; Arhab, R.; Cornu, A.; Portelli, J.; Barkat, M.; Graulet, B. Olive mill wastewater microconstituents
composition according to olive variety and extraction process. Food Chem. 2016, 209, 72–80. [CrossRef]
105. Dermeche, S.; Nadour, M.; Larroche, C.; Moulti-Mati, F.; Michaud, P. Olive mill wastes: Biochemical
characterizations and valorization strategies. Process Biochem. 2013, 48, 1532–1552. [CrossRef]
106. Sánchez De Medina, V.; Priego-Capote, F.; Jiménez-Ot, C.; Luque De Castro, M.D. Quality and stability of
edible oils enriched with hydrophilic antioxidants from the olive tree: The role of enrichment extracts and
lipid composition. J. Agric. Food Chem. 2011, 59, 11432–11441. [CrossRef] [PubMed]
107. Sánchez De Medina, V.; Priego-Capote, F.; Luque De Castro, M.D. Characterization of refined edible oils
enriched with phenolic extracts from olive leaves and pomace. J. Agric. Food Chem. 2012, 60, 5866–5873.
[CrossRef] [PubMed]
108. Inarejos-García, A.M.; Fregapane, G.; Salvador, M.D. Effect of crushing on olive paste and virgin olive oil
minor components. Eur. Food Res. Technol. 2011, 232, 441–451. [CrossRef]
109. Lozano-Sánchez, J.; Giambanelli, E.; Quirantes-Piné, R.; Cerretani, L.; Bendini, A.; Segura-Carretero, A.;
Fernández-Gutiérrez, A. Wastes generated during the storage of extra virgin olive oil as a natural source of
phenolic compounds. J. Agric. Food Chem. 2011, 59, 11491–11500. [CrossRef]
110. Speroni, C.S.; Stiebe, J.; Guerra, D.R.; Beutinger Bender, A.B.; Ballus, C.A.; dos Santos, D.R.; Dal Pont
Morisso, F.; da Silva, L.P.; Emanuelli, T. Micronization and granulometric fractionation improve polyphenol
content and antioxidant capacity of olive pomace. Ind. Crops Prod. 2019, 137, 347–355. [CrossRef]
111. Martínez, L.; Ros, G.; Nieto, G. Hydroxytyrosol: Health Benefits and Use as Functional Ingredient in Meat.
Medicines 2018, 5, 13. [CrossRef]
112. Nieto, G.; Martínez, L.; Castillo, J.; Ros, G. Hydroxytyrosol extracts, olive oil and walnuts as functional
components in chicken sausages. J. Sci. Food Agric. 2017, 97, 3761–3771. [CrossRef]
113. Nieto, G.; Martínez, L.; Castillo, J.; Ros, G. Effect of hydroxytyrosol, walnut and olive oil on nutritional
profile of Low-Fat Chicken Frankfurters. Eur. J. Lipid Sci. Technol. 2017, 119. [CrossRef]
114. Jiang, J.; Xiong, Y.L. Natural antioxidants as food and feed additives to promote health benefits and quality
of meat products: A review. Meat Sci. 2016, 120, 107–117. [CrossRef]
115. Shah, M.A.; Bosco, S.J.D.; Mir, S.A. Plant extracts as natural antioxidants in meat and meat products. Meat Sci.
2014, 98, 21–33. [CrossRef]
116. Turck, D.; Bresson, J.-L.; Burlingame, B.; Dean, T.; Fairweather-Tait, S.; Heinonen, M.; Ildico Hirsch-Ernst, K.;
Mangelsdorf, I.; McArdle, H.J.; Naska, A.; et al. Safety of hydroxytyrosol as a novel food pursuant to
Regulation (EC) No 258/97 EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). EFSA J. 2017,
15, 4728. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
